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Summary 
The import of cytoplasmically synthesized proteins into chloroplasts requires at least the 
interaction between the precursor protein and the import apparatus located in the plastidal 
envelope membranes. In this review we summarize the present knowledge of the events in 
which components of the plastid envelope membranes are directly involved, i.e. binding 
of the precursor to the organellar surface and translocation across the envelope membranes. 
The requirement of soluble cytosolic components for the import process is discussed. 
Furthermore we describe the import routes of proteins destined for the outer chloroplast 
envelope and compare it to that of polypeptides localized inside the plastid. 
Introduction 
The majority of the plastid proteins (1) among them most of the envelope proteins (2) are 
encoded by the nuclear genome. As a consequence, the biogenesis of chloroplasts requires 
the transport of the cytoplasmically synthesized polypeptides into the organelle. This 
involves a system of selective intracellular sorting and an efficient import machinery into 
or across the organellar membranes. In a general outline, chloroplast protein transport can 
be described by the following events: All imported chloroplast proteins are initially 
synthesized on cytosolic polysomes as higher molecular weight precursor proteins with 
positively charged amino-terminal presequences that have been shown to contain the 
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essential targeting information (3-5). The precursors are transferred from the cytosol to the 
organelle via a posttranslational mechanism. After recognition by proteinaceous receptors 
on the outer envelope membrane surface, the proteins are translocated into and across the 
envelope membranes. ATP hydrolysis is required at least at two distinct steps during the 
import pathway while a membrane potential necessary in mitochondrial protein transloca­
tion is not requisite in plastids (6, 7). Low concentrations (5-100 μΜ) ATP are required for 
binding (8), but higher concentrations (0,2-2 mM) to completely translocate the precursor 
protein into the plastid (9-12). Inside the organelle the N-terminal transit peptides are 
removed by a stromal processing protease. The proteins are sorted to their final subplastidal 
destination and i f required assembled to functional units (for details see 4, 5, 13 and 
references therein). Protein transport and routing inside the chloroplast have been reviewed 
in more detail in Schmidt and Mishkind (14), Lubben et al. (15), Mishkind and Scioli (16), 
Keegstra et al. (17), Smeekens et al. (13) and Joyard et al. (18). We will therefore focus on 
the description of the chloroplast envelope localized translocation process. 
Import competency of precursor proteins 
One main problem in protein transport consists of the mechanism by which large and maybe 
already partially folded polypeptides cross the hydrophobic environment of biological 
membranes. Considering that protein import into chloroplasts and mitochondria is a 
posttranslational event, at least some protein folding is likely to occur prior to the initiation 
of membrane transfer. Cytosolic factors should ensure formation or conservation of an 
import competent protein structure, since the specific penetration of tightly folded proteins 
through membranes seems improbable. 
Delia Cioppa and Kishore (19) could demonstrate that translocation of a tightly folded 
protein across the chloroplast envelopes is severely diminished. The import of the in-vitro 
synthesized chloroplast precursor 5-enolpyruvylshikimate-3-phosphate synthase 
(pEPSPS) into isolated chloroplasts was inhibited by the addition of its first substrate 
shikimate-3-phosphate and the competitive inhibitor and herbicide glyphosate instead of 
phosphoenolpyruvate. Thus the enzyme forms a stable ternary complex with the shikima-
te-3-phosphate and the herbicide that can not be translocated by the import machinery, 
whereas import of other precursor proteins was not hindered when both of the substrates 
were simultaneously present in the import assay. 
The involvement of cytosolic factors in mediating an import competent protein 
structure is suggested from experiments performed with the precursor of the major 
light-harvesting chlorophyll a/b binding protein (pLHCP) that was overexpressed in 
Escherichia coli. Waegemann et al. (20) showed that at least two cytoplasmic components 
present in pea leaf extracts are necessary for efficient translocation of the purified pLHCP 
after its denaturation and unfolding in 8 Μ urea. The presence of these cytosolic factors 
renders the precursor of this hydrophobic membrane protein more susceptible to protease 
treatment probably due to a less tightly folded polypeptide conformation. Purified hsc 70 
was also able to support the translocation of urea denatured pLHCP indicating the 
involvement of molecular chaperones of the hsc 70 familiy in this process (20) which 
corresponds with the findings that members of the hsp 70 family appear to facilitate 
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transport of proteins into different organelles by retarding the spontaneous folding process 
of the polypeptides by a so far incomplete understood mechanism which requires ATP 
hydrolysis (for recent reviews see 21-23). On the other hand cytosolic factors did not seem 
to be necessary for protein import of purified ferredoxin precursor, pFD, (24, 25) or 
plastocyanin precursor, pPC, (26) in isolated chloroplasts in vitro. Both proteins were taken 
up by the chloroplasts after dilution of the urea denatured proteins into the import mixture. 
It is unknown at present how these divergent results obtained in vitro reflect the in vivo 
situation. Maybe chaperones are required by all precursor proteins however at different 
times during the translocation process, e.g. in the cytosol or at the envelope. In fact hsp 70 
homologues have been found to exist inside the chloroplast as well as in the chloroplast 
envelope of higher plants (27) and Euglena gracilis (28). 
Binding of precursor proteins to the organellar surface 
Once proteins are targeted towards the chloroplast they must interact with the plastid 
envelope which consists of rather closely spaced outer and inner membranes, separated by 
the intermembrane space. Productive binding of the precursor to the receptor requires ATP 
hydrolysis. ATP concentrations between 1-100 μΜ have been determined to support 
binding to isolated organelles (8), right-side-out envelope vesicles (29) and the isolated 
import apparatus (30). 
In order to identify the sites of precursor binding we used immunogold labelling with 
a chimeric protein composed of the E. coli outer membrane protein A (ompA) and the 
presequence of the small subunit of ribulose-bisphosphate-carboxylase-oxygenase (pS). 
As seen on electron micrographs (Fig. 1 a and b), the precursor polypeptides (pSompA) 
are confined to certain distinct sites in the membrane. When chloroplasts were shrunken 
in hypertonic medium after labelling and before fixation the bound precursors are located 
at areas where the two envelope membranes are closely apposed indicating that both 
membranes might be contracted by the translocating precursor proteins. 
Chloroplast import is proposed to be initiated by binding of the precursor polypeptides 
to proteinaceous receptors of the outer membrane because protease treatment of intact 
organelles (31) or right-side-out envelope vesicles (29) reduces binding of precursor 
polypeptides drastically. A limited amount of 1500-3500 binding sites per chloroplast was 
determined by Pfisterer et al. (32) using isolated envelope membranes, and by Friedman 
and Keegstra (33) using isolated intact chloroplasts. Precursor binding is a high affinity 
interaction with a dissociation constant of 6-10 nM. Competition studies carried out with 
synthetic transit peptides indicate that all precursor proteins examined so far use the same 
receptor species for binding. Peptides, homologue to parts of the pSSU transit sequence 
with a length of 20-30 amino acids inhibited binding with rather low affinities, i.e. between 
2-40 μΜ peptide were necessary for 50 % inhibition (34, 35). Perry et al. (36) report that 
synthetic peptides corresponding to the central region of the pSSU transit sequence inhibit 
binding of authentic precursor proteins (pSSU, pLHCP, pFD and pPC), while peptides 
representing either the N - or C- terminal end of the pSSU transit peptide have little or no 
effect on binding but drastically reduce the translocation process. However, the obvious 
disadvantage of this approach is that these peptides represent only part of the transit 
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peptides, and it remains to be investigated if the properties of the entire chloroplast targeting 
domain can be understood simply as the sum of the properties of its constituent fragments. 
Experiments using purified pPC as authentic precursor polypeptides demonstrated that a 
10-100 fold lower concentration was necessary for efficient competition of pPC, pSSU and 
pFD than in the case of synthetic peptides (26). 
Fig.l. Distribution of binding sites on the chloroplast surface. Precursor proteins (pSompA) were 
bound to the chloroplast surface, and after reisolation of the organelles the bound precursor 
polypeptides were visualized by labelling with antibodies (anti-ompA) and protein A- gold (as 
indicated by arrows). Prior to fixation chloroplasts were shrunken in hypertonic buffer to separate 
outer and inner envelope membranes in some extent and reveal that protein binding sites are 
concentrated at distinct membrane contact sites. (A) magnification 112000 χ, (B) magnification 
Π 7000 x. 
Components of the translocation apparatus 
The mechanism by which precursor proteins translocate the envelope membranes involves 
a number of as yet unidentified components. Different approaches have been used to 
identify polypeptides involved in the import process including: proteolytic digestion of the 
outer envelope membranes, chemical crosslinking studies, phosphorylation, use of synthe­
tic peptides and solubilization of envelope membranes. Cornwell and Keegstra (37) used 
a heterobifunctional, photoactivatable crosslinking reagent to identify a 66 kDa chloroplast 
surface protein that was associated with pSSU binding, minor crosslink products were 
found at 25,57 and 60 kDa (molecular weight (MW) data result after substracting the M W 
of the crosslinked precursor). In a comparable approach Kaderbhai et al. (38) observed 
similar crosslink products of 52 kDa (most likely the large subunit of Rubisco) and two 
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crosslink conjugates with inner envelope proteins of 30 kDa and 60 kDa. An entirely 
different approach was taken by Pain et al. (39), who raised antibodies against antibodies 
directed against a synthetic transit peptide of pea pSSU. These antiidiotypic antibodies 
which should mimick the binding properties of the transit peptide were shown to inhibit 
protein transport and reacted with a protease sensitive protein on the surface of intact 
chloroplast at regions where inner and outer membrane are in contact as also observed in 
our immunogold labelling experiment (Fig. 1). In western blotting experiments the antii-
diotypic antibodies reacted with a 52 kDa protein present in the stromal compartment, 
representing the large subunit of Rubisco and the major 30 kDa envelope protein that was 
suggested to be the import receptor and an integral chloroplast envelope membrane protein. 
However, the major 30 kDa polypeptide in the envelope membrane is known to be the 
phosphate translocator (40). Schnell et al. (41) subsequently reported the isolation of a full 
length cDNA clone of their 30 kDa protein that was found to be very homologue to the 
phosphate translocator protein from spinach and identical to that from pea (42, 43). The 
authors therefore concluded that this 30 kDa envelope membrane protein serves as the 
import receptor for pSSU and not as the phosphate translocator. Their studies raise a series 
of questions as discussed by Joyard and Douce (44), Flügge et al. (45), de Boer and 
Weisbeek (5), Soll and Alefsen (46). It seems therefore likely that the protein import 
receptor remains yet to be identified. 
Probably more than one protein is necessary for binding to and translocation across 
the envelope. For example a 51 kDa protein has also been implicated to be a component 
of the receptor complex since an increase in phosphorylation of this protease sensitive outer 
envelope protein was observed during precursor binding (47). 
Recently it was demonstrated that it is possible to isolate a membrane complex loaded 
with pSSU from purified outer chloroplast envelopes (29,30). After incubation with pSSU 
translation product and reisolation the outer envelope vesicles were solubilized by digitonin 
and subjected to fractionation on a linear sucrose gradient. The pSSU containing membrane 
complex consists of about 10 outer envelope polypeptides (MW 86, 75, 72, 64, 54, 52,42, 
34 kDa and minor components) which were identified either by molecular weight or 
immunological methods. Using the reverse order, an isolated membrane complex was 
subjected to binding assays and shown to be able to recognize pSSU in an ATP, protease 
sensitive and transit sequence dependent manner. Furthermore, translocation intermediates 
detected in chloroplasts were also found after interaction of the precursor polypeptide with 
the isolated import complex. It seems therefore possible to isolate large parts of the protein 
translocation apparatus from chloroplasts as a functional unit which is active in recognition 
and insertion of precursor polypeptides. 
In addition to the proteinaceous components described above, envelope bound heat-
shock proteins (27) and envelope membrane lipids (48) are proposed to be involved in the 
translocation process. A possible function of lipids in the import process can be assumed 
easily because envelope membranes have a unique lipid composition, containing high 
amounts of the phospholipids phosphatidylcholine and phosphatidyglycerol as well as the 
specific chloroplast galactolipids, monogalactosyldiacylglycerol and digalactosyldiacyl-
glycerol and the sulpholipid, sulphoquinovosyldiacylglycerol. Recently Van't Hof et al. 
(48) reported that fragments representing different parts of the transit peptide of pSSU 
interact specifically with lipids typically present in the outer chloroplast envelope, indica-
ting that transit peptide-lipid interactions could play a certain role in a productive chloro-
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plast protein import pathway. In contrary Endo et al. (49) showed that the chloroplast-tar-
geting domain of PC transit peptide has only low affinity for lipid bilayers consisting of 
galactolipids and phospholipids to mimick the lipid composition of chloroplast envelope 
membranes, but can form a helical structure in a hydrophobic environment. Since the PC 
transit peptide consists of the N-terminal positively charged hydrophilic chloroplast-targe-
ting domain and the C-terminal hydrophobic thylakoid-transfer domain they suggest that 
the first interaction of pPC with the chloroplast surface might be mediated by the thylakoid 
transfer domain at the C-terminal part of the transit sequence. Subsequently the chloro-
plast-targeting domain might form a helical structure which in turn could be recognized by 
receptor proteins located at the chloroplast surface, thus indicating a conformation media­
ting influence of the lipid bilayers. 
Furthermore Kerber and Soil (50) demonstrated that hydrolysis of phosphatidylcho­
line by phospholipase C (PLC) treatment inhibited almost completely import of the 
precursor protein into the organelle (Fig. 2, upper panel). At which step PLC blocks the 
translocation process was determined by carrying out the import assays under conditions 
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My 
Fig. 2. Schematic representation of the effect of phospholipase C (PLC) treatment of intact 
chloroplasts on the interaction with pSSU under import and binding conditions, respectively. 
1. Untreated and PLC-pretreated chloroplasts were incubated with precursor proteins under import 
conditions, a. import control, b. import into PLC-pretreated organelles. II. Precursor proteins were 
bound to untreated and PLC-pretreated chloroplasts. a. binding control, b. binding to PLC-pretreated 
organelles. Membrane located translocation events: binding to (1), translocation through (2) and 
release (3) of the precursor protein from the translocation machinery (tm). Blocks in the translocation 
pathway are indicated by the crossed out arrows, hindrance is indicated by arrows in dashed lines. 
Om, outer envelope membrane, im, inner envelope membrane, tm, translocation machinery, r, 
receptor. 
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which allowed binding but not import, e.g. chloroplasts incubated with pSSU in the dark 
and in the presence of 10 μΜ ATP. In control experiments these conditions led to partial 
precursor insertion into the import apparatus which could be detected as protease-protected 
translocation intermediates after thermolysin digestion. Identical binding assays with 
PLC-pretreated chloroplasts however, did not provide any translocation intermediates 
while binding to the chloroplast surface was nearly as efficient as in control binding. These 
data indicate (50) that hydrolysis of phosphatidylcholine inhibits precursor protein trans­
location at a step after binding but before insertion into the import machinery (compare 
Fig. 2, panel I I a and b) and give rise to the supposition that phosphatidylcholine is an 
essential constituent of the translocation complex described by Soil and Waegemann (30). 
Additionally the isolated import complex (29) and the outer envelope membranes (27, 
51) do contain hsc 70 homologues which could play a role in the translocation event. Von 
Heijne and Nishikawa (52) propose that chloroplast transit peptides are essentially devoid 
of regular secondary or tertiary motifs and that such unfolded structures are favorable for 
guidance of chaperones operating at different steps of the chloroplast protein import 
pathway. This may partially argue against the findings of Endo et al. (50). Supplementary 
members of the hsp 60 family, collectively termed chaperonin 60 (cpn 60) were identified 
in the chloroplast stroma (53) where they assist the folding and assembly of both imported 
and organellar synthesized proteins and only recently a cpn 10 protein was found in 
chloroplasts from pea and spinach that is functional as co-chaperonin in Rubisco folding 
(54). 
Protein routing into the envelope membranes 
The chloroplast envelope consists of rather closely spaced outer and inner membranes, 
separated by an intermembrane space. So far only little is known about import of proteins 
into the envelope membranes and due to a lack of authentic proteins nothing is known about 
transfer into the intermembrane space. So far only two inner envelope proteins have been 
cloned and their import behaviour has been analysed (42, 55). Like typical polypeptides 
destined for the inside of the organelle they possess cleavable target sequences, which are 
recognized by proteinaceous receptors on the organellar surface and require ATP for 
binding and transport into the inner envelope membrane. Obvious differences in the 
structure of the transit peptides, i.e. the ability to form an amphiphilic α-helix (43) and the 
absence of a ß-strand domain typical for internal chloroplast proteins (56), suggest that 
certain details of the import mechanism are significantly distinct between stromal or 
thylakoid proteins and envelope proteins, respectively. Insertion of outer envelope proteins 
again differentiates strikingly from import of those destined for the inner plastid compart-
ments. The three proteins studied so far, i.e. a 6,7 kDa spinach protein (57), a 14 kDa pea 
protein (58) and a hsp 70 spinach protein (51), do not possess a cleavable target sequence, 
do not require protease sensitive receptors on the organellar surface and do not require ATP 
for either binding or insertion into the outer envelope. Thus, several distinct uptake 
processes may exist, not only within the plant cell, but probably also within the chloroplast 
(59). 
338 Alefsen & Soll 
Acknowledgements 
We would like to thank Drs. Freudl and Schwarz for supplying the pro-ompA cDNA 
clone and antibodies raised against the ompA-protein and carrying out the electron 
microscopy. The work described from our lab was supported by the Deutsche Forschungs­
gemeinschaft and Fonds der Chemischen Industrie. 
References 
1. Chua NH, Gillham NWJ (1977) Cell Biol 74: 441-452 
2. Cline K, Andrews J, Mersey B, Newcomb EH, Keegstra Κ (1981) Proc Natl Acad Sei 
USA 78: 3595-3599 
3. Van den Broeck G, Timko MP, Kausch AP, Cashmore AR, Van Montagu M , 
Herrera-Estrella L (1985) Nature 313: 358-363 
4. Bartling D, Clausmeyer S, Oelmüller R, Herrmann RG (1990) Bot Mag Tokyo 
Special Issue 2: 119-144 
5. De Boer AD, Weisbeek PJ (1991) Biochim Biophys Acta 1071: 221-253 
6. Grossmann A, Bartlett S, Chua NH (1980) Nature 285: 625-628, TB 10 49 77 
7. Hartl FU, Pfanner N, Nicholson DW, Neupert W (1989) Biochim Biophys Acta 988: 
1-45, TB 10 45 77 
8. Olsen LJ, Theg SM, Selman BR, Keegstra KJ (1989) Biol Chem 264: 6724-6729 
9. Flügge UI , Hinz G (1986) Eur J Biochem 160: 563-570 
10. Pain D, Blobel G (1987) Proc Natl Acad Sei USA 84: 3288- 3292 
11. Schindler CHrackyR, Soll J (1987) Ζ Naturforsch 42c: 103-108 
12. Theg SM, Bauerle C, Olsen LJ, Selman BR, Keegstra Κ (1989) J Biol Chem 264: 
6730-6736 
13. Smeekens S, Weisbeek Ρ, Robinson C (1990) Trends Biochem Sei 15: 73-76 
14. Schmidt GW, Mishkind M L (1986) Ann Rev Biochem 55: 879- 912 
15. Lubben TH, Theg SM, Keegstra Κ (1988) Photosynth Res 17: 173-194 
16. Mishkind ML, Scioli SE (1988) Photosynth Res 19: 153-184 
17. Keegstra K, Olsen LJ, Theg SM (1989) Annu Rev Plant Physiol Plant Mol Biol 40: 
471-501 
18. Joyard J, Block MA, Douce R (1991) Eur J Biochem 199: 489- 509 
19. Delia Cioppa G, Kishore GM (1988) EMBO J 7: 1299-1305 
20. Waegemann K, Paulsen H, Soll J (1990) FEBS Lett 261: 89-92 
21. Neupert W, Hartl FU, Craig EA, Pfanner Ν (1990) Cell 63: 447-450 
22. Ellis RJ (1990) Science 250: 954-959 
23. Baker, KP, Schatz, G, Nature 349: (1991) 205-208 
24. Pilon M , de Boer DA, Knols SL, Koppelman MHGM, van der Graaf RM, de Kruijff 
B, Weisbeek PJ (1990) J Biol Chem 265: 3358-3361 
25. Pilon M , de Kruiff B, Weisbeek PJ (1992) J Biol Chem 267: 2548-2556 
26. De Boer AD, Proefschrift, Rijksuniversiteit te Utrecht (1991) 
33. Protein Import into Chloroplasts 339 
27. Marshall JS, De Rocher AE, Keegstra K, Vierling Ε (1990) Proc Natl Acad Sei USA 
87: 374-378 
28. Amir-Shapira D, Leustek T, Dalie B, Weissbach Η, Brot Ν (1990) Proc Natl Acad 
Sei USA 87: 1749-1752 
29. Waegemann Κ, Soli J (1991) Plant J 1: 149-158 
30. Soll J, Waegemann Κ (1992) Plant J 2: 253-256 
31. Cline K, Werner-Washburne M , Lubben TH, Keegstra Κ (1985) J Biol Chem 260: 
3691-3696 
32. Pfisterer J, Lachmann Ρ, Kloppstech Κ (1982) Eur J Biochem 126: 143-148 
33. Friedman AL, Keegstra Κ (1989) Plant Physiol 89: 993-999 
34. Buvinger WE, Michel H, Bennett J (1989) J Biol Chem 264: 1195-1202 
35. Schnell DJ, Blobel G, Pain D (1991) J Biol Chem 266: 3335- 3342 
36. Perry SE, Buvinger WE, Bennett J, Keegstra Κ (1991) J Biol Chem 266: 
11882-11889 
37. Cornwell KL, Keegstra Κ (1987) Plant Physiol 85: 780-785 
38. Kaderbhai MA, Pickering T, Austen B M , Kaderbhai Ν (1988) FEBS Lett 232: 
313-316 
39. Pain D, Kanwar YS, Blobel G (1988) Nature 331: 232-237 
40. Flügge UI , Heidt HW (1981) Acta 638: 296-304 
41. Schnell DJ, Blobel G, Pain D (1990) J Cell Biol 111: 1825- 1838 
42. Flügge UI , Fischer K, Gross A, Sebald W, Lottspeich F, Eckerskorn C (1989) 
EMBOJ8: 39-46 
43. Willey DL, Fischer K, Wächter Ε, Link TA, Flügge UI (1991) Planta 183: 451-461 
44. Joyard J, Douce R (1988) Nature 333: 306-307 
45. Flügge UI , Weber A, Fischer K, Lottspeich F, Eckerskorn C, Waegemann K, Soll J 
(1991) Nature 353: 364-367 
46. Soll J, Alefsen Η (1992) Physiol Plant, in press 
47. Hinz G, Flügge U I (1988) Eur J Biochem 175: 649-659 
48. Van't Hof R, Demel RA, Keegstra K, de Kruijff Β (1991) FEBS Lett 291: 350-354 
49. Endo Τ, Kawamura Κ, Nakai Μ (1992) Eur J Biochem 207: 671 -675 
50. Kerber Β, Soll J (1992) FEBS Lett 306: 71 -74 
51. Ko Κ, Bornemisza Ο, Kourtz L, Κο ZW, Plaxton WC, Cashmore AR (1992) J Biol 
Chem 267: 2986-2993 
52. von Heijne G, Nishikawa Κ (1991) FEBS Lett 261: 89-92 
53. Hemmingsen SM (1990) Cell Biol 1: 47-54 
54. Bertsch U, Soll J, Seetharam R, Viitanen PV (1992) Proc Natl Acad Sei USA 89: 
8696-8700 
55. Dreses-Werringloer U, Fischer K, Wächter E, Link TA, Flügge U I (1991) Eur J 
Biochem 195: 361-368 
56. von Heijne G, Steppuhn J, Herrmann RG (1989) Eur J Biochem 180: 535-545 
57. Salomon Μ, Fischer Κ, Flügge UI, Soll J (1990)Proc Natl Acad Sei USA 87: 
5778-5782 
58. Li HM, Moore T, Keegstra Κ (1991) Plant Cell 3: 709-717 
59. Soll J, Alefsen H, Böckler B, Kerber B, Salomon Mand Waegemann K, Neupert W 
and Li l l R (ed) Elsevier Science Publishers, 1992, pp 299-306 
